The orientation problem in polycrystalline cubic materials has been simplified, using fundamental relationships, so that the determination of a quantitative interrelationship between the various Bragg peak intensities is no longer a formidable task. This is demonstrated with a cubic Cu-Be-Co alloy having a fiber texture, and a conventional focusing diffractometer. Because data are required which extend over a larger range in d spacings, extinction, thermal, and static atomic displacements must be included into the analysis of intensities. The displacement terms and the extinction parameters may be of primary interest or used as a correction. Seventeen diffraction peaks are used in the example. These must be internally consistent with a crystallite orientation function, the cubic symmetry of the sample, extinction effects influencing the two strongest peaks, and attenuation due to atomic displacements. Tabulated coefficients are presented which greatly reduce the task of calculating the orientation function. Acorrection is given for instrumental smearing which should be considered for stronger textures than the intermediate case examined or for intermediate textures and nonfocusing instrumental conditions.
A simplified procedure for obtaining relative x-ray intensities when a texture and atomic displacements are present I. INTRODUCTION Quantitative x-ray diffraction studies are typically carried out on either ideal powders or single crystals. Textured materials are often avoided because either assumptions must be made that weaken the final results or one must deal with . . a quantltatlve determination of the crystallite orientation function. Knowing the latter, would allow one to generate all measurements related to texture. The determination of the orientation function can be as time consuming as the determination of other structural parameters that may in fact be of primary interest. These might include: the percent transformation, and other parameters that effect the x-ray intensities such as: subtle changes in the positioning of atoms in the unit cell, displacement fields from lattice defects, and thermal atomic vibrations. Some of these effects can have a relatively small effect on the x-ray intensities and are most easily examined either in the nearly ideal powder form or as a single crystals. However, in limiting x-ray examinations to these extreme samples, one loses an understanding of the structure of most real crystalline materials that are of commercial importance. There is a need to develop an x-ray technique that is simple to use and one which can be applied directly to intensity data collected with a conventional parafocusing diffractometer. Although this instrumentation is not conventionally used for texture studies, it is often required to obtain the resolution for many secondary structural parameters obtained from x-ray diffraction.
We describe a simplified procedure for quantitative fiber texture analysis as it applies to data collection using a conventional parafocusing diffractometer. This requires a more complete analytical description of those factors that influence integrated x-ray intensities than what is being used in the ') Now with Wright Laboratories, WPAFF3, OH 45433. traditional pole figure approach. However, the latter form of data collection is ideal for those using x-ray diffraction as a means to obtain the orientation function with the primary goal of calculating the average physical properties of a polycrystalline aggregate with a texture and secondary parameters are not needed.
In using conventional parafocusing diffractometers, the number of Bragg peaks sampled having different crystallographic orientations is limited in number and depends upon the radiation used. When the Bragg intensities are plotted in reciprocal space, they range from high intensity points near the origin to those at much larger distances. Extinction effects can very significantly reduce the intensities of the strongest intensities, while those higher order peaks with a small d spacing can be significantly reduced by thermal vibrations and static displacements originating from atomic size differences. The latter effect can be particularly dominant for those alloys having large atomic size differences and undergoing the early stages of precipitation. When sample preparation involves annealing, subgrains can become sufficiently' large to make an extinction correction essential, if the strongest peaks are to be interrelated statistically with the weaker peaks in a unified analysis. Consequently, static and thermal displacements, and extinction effects are included whereas these effects are traditionally ignored in a conventional texture analysis.
There is a considerable volume of literature already available dealing with pure texture analysis which had its quantitative origin with the works of Roe and Krigbaum, ' and Bunge.2 The latter provides a systematic review and contains the basic equations for those pursuing a conventional texture analysis with the goal of using the orientation function primarily for the understanding the physical properties found in polycrystalline samples. However, secondary factors not dealing with texture are not considered. This work begins with Refs. 1 and 3 and includes the previously mentioned correction terms.
In a quantitative intensity analysis, an artificial fiber texture may be introduced by spinning a sample about its normal. However, many specimens already have a fiber texture parallel to the surface normal. Under these conditions, the texture can be of major interest and be determined by methods given in this paper. In either case, the orientation function allows one to calculate the average scattering from a sample with a fiber texture. This is illustrated in a second paper which deals with temperature diffuse scattering. Similarly, the short range order diffuse scattering could also be calculated quantitatively from a textured sample using the procedure described along with parameters obtained from single crystal data.
Our approach is illustrated using an annealed Cu-Be-Co (Brush-Wellman 25 alloy). For completeness, instrumental smearing effects are also considered in connection with texture analysis. These can be of importance when the texture is relatively strong even with high resolution diffractometers. Consequently, this is included in the present analysis, and is considered when interrelating mathematically generated pole figures to the measured pole figure data. Instrumental smearing could introduce a limitation in the examination of strongly textured materials using conventional nonfocusing pole figure devices.
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Q cot 8 x(l+cosZ 28) (24 where t is the thickness of a perfect plate-like crystal, Q ' is the reflecting power from the dynamic theory, and Qi is from the kinematic theory or CW where r-:=7.94X 1026(cm2) is a constant. For secondary extinction, the sample absorption is corrected according to7
From Eq. (2a), one finds that primary extinction introduces the correction q (0 <q< 1) and from Eq. (2~) one finds a second parameter g included with ,z, the linear absorption coefficient. These equations are based upon a mosaic block model with g (OCgCl) depending upon the degree of a parallel alignment of subgrains within the grains. As t increases the range of internal perfection within a grain becomes greater while a larger g value indicates greater parallel alignment of subgrains. Taking g= 0 would eliminate the effect of secondary extinction and Ei=q. These parameters are of interest in showing trends in crystalline perfection.
MT is commonly calculated from Debye theory? M, will be treated in a later paper in some detail for systems in the early stages of aging or precipitation where M, can greatly dominate the corresponding thermal term, Mr. For the present, it is assumed that the system under consideration
II. INTEGRATED INTENSITY
The integrated intensity from a polycrystalline material using a diffractometer equipped with a monochromater, is given bydm6
PI=kKi ( and k=constant, I,=intensity of incident beam, Aa=cross-sectional area of incident beam at the specimen, X=x-ray wavelength, w and h are the receiver slit width and height, ,u=overall linear absorption coefficient of the alloy, V,=volume of an average unit cell in the matrix, j=multiplicity factor of the normal Bragg peak, Fi=structttre factor, gi=orientation correction factor for planes (hkZ)=i (gi= 1 if the sample is an ideal powder), p =the polarization factor which is one if no monochromator is used, 2e=the diffraction angle for matrix scattering, and M,, Ms=thermal and static factors for the matrix. (If p is not known from experiment, it is conventionally taken to be 60~~20 where 28'=diffraction angle from the monochromator. For a discussion of this term, and Ki (2e) I. Coefficients C$z(Cti) in terms of (Ml) and x angle to an order of n=16.
Expression as a function of (h/cl) and ,y c 4,0zc. is a substitutional solid solution without severe static distortions introduced by an aging treatment.6 With this in mind, 2Ms is given by 1+v 2 2Ms=DrXs(l-Xn) l--E'
( 1
with D1=0.0587 for fee and 0.0932 for bee lattices. Here X, is the atomic fraction of atom type B, v=Poisson's ratio, VsF= (llv)(L$,l~Xa) is the volume size factor for B atoms dissolved in an A lattice,8 and hkl are the Miller indices. mal, the texture is completely defined by the orientation function, ~(a,$). w(fl,&in fl d&l dti is the probability of finding a crystallite oriented in the angular range between (a,$) and (R+dfi,$+dt,b).
s1, $ and 4 are the Euler angles shown in Fig. 1 . In our case, the texture is independent of 4 or is made independent by a continuous rotation of 4. The orientation function is expressed as a series of spherical harmonics'
where Pr(cos 0) is the normalized associated Legendre polynomial, A,,,,, and B,, are coefficients determined from the intensity data. For an ideal powder, o((n,r,@=oo, which is a constant independent of n and +. Taking the probability as 1 for all orientations, we have sin n da dq?=l, with oo=&.
The function ~(O,J,!J) gives the orientation distribution relative to the random or ideal powder
The pole density function ghkl(x) can also be expanded as a series of Legendre polynomials, where A,t, and B,, are the coefficients of the orientation function in Eq. (4). For a random powder all the coefficients vanish except Ao,o = l/(G), while for cubic crystallites, all the coefficients B,, vanish and A,,# 0 only if m is an integral multiple of four. Also, not all nonvanishing coefficients A,, are independent. The interdependency among the nonvanishing coefficients was given by Roe9 up to n =22 and by Rao3 up to n=46. Equation (6a) can be greatly simplified using procedures discussed on pp. 1874-1877 of Ref. results tabulated on p. 250 in Appendix B. This has been put into a more convenient form for the present paper in Table I as a set of coefficients, Cij , which enter into Where Gh,k'.i)O(~~~ x)=1, i designates different (hkl) planes, j different nm combinations, and j. is the total number of the independent coefficients. The coefficients Cij are expressed as a function of (hkl), and the x angle to the 16th order in Table I . When there is overlap of peaks at a 28 position, the sum Zikl for all plane types should be combined and weighted according to their multiplicities j, and j,. For example, when two types of planes hl, kl, Z1 and h2, k,, Z2 have identical d spacings in a cubic crystal, the superposition equation is
where T,, designates each of the following terms, I&[, Gtk', C$$ and Cij with the subscripts 1 and 2 standing for hl , kl , -Zt and h,, k,, I2 respectively. (511) and (333), (600) and (442), and (731) and (553) overlap in the cubic system and are treated accordingly. .(kgi)=-l j=l which allows the orientation function coefficients Ai and the scaling facto; k to be obtained by a least squares fitting routine. To solve this linear system, at least q+ 1 independent (kgi) values at different orientations are required. The order of the orientation function is chosen using the maximum number of available peaks. Fewer peaks or terms are required for weak textures.
A. Experimental example
The fiber texture of a Cu-11.67 at % Be-O.23 at % Co alloy is used to illustrate the procedures described in the present work. Samples of 2.22 cm (7"/8) diameter and 0.24 cm (3"/32) thick were cut perpendicular to the axis of a hot extruded rod. This aligned the fiber axis to the surface normal. A solution treatment at 780 "C for 15 min maintained the grain size at an upper level which gave reproducible intensity measurements by spinning in 4 and rocking x (=w) by +l.S'. Samples were rapidly quenched from the annealing temperature into a 10% NaCl water solution at room temperature and surface cleaned with a 15% nitric acid solution.
Integrated intensities were obtained using filtered MoK, radiation by scanning 28 using a parafocusing diffractometer. The normalized data were reduced according to Eq. (la) and are shown in Table II for three samples. In the first round of analysis, the (111) and (200) were excluded in favor of the equivalent orientations (222) and (400) which were essentially free from the effect of extinction.
The orientation function coefficients A,, and scaling factor k, calculated by linear least squares regression with Eq. (9) are listed in Table III using 6th to 16th order analyses; Pole densities calculated from A,, via Eq. (7b) are compared with measured data, scaled by k, in Table IV . The scaling factor k calculated from different orders ranges from 0.572 to 0.583. As expected, the agreement between the measured and calculated g&O) from Eq. (To) depends upon the order. Using the highest order available from the data gives the best agreement. The average difference for 16th order is 2.6% with a maximum of 9.1% for (331). These are within experimental error, provided (111) and (200) Table IV , one fmds a 25.4% intensity reduction for (111) and 9.7% for (200). Alternatively, comparing the experimental results taking gr r 1 = g,,, , and gZoo = g400, one finds a similar intensity reduction, i.e., 25.7% for (111) and 9.3% for (200). If this was assumed to be due to primary extinction, by using Eqs. (220) by 0.95. In each case, the departure from the experimental result due to primary extinction is within the experimental error.
For the reduced intensity, the thermal term was calculated according to Eq. (11.77) and the Debye theory given in Ref. 5 with 0=315 K. This gives a root mean square projected displacement of 0.085 A. The static displacement is with pi projected along the normal to the diffracting planes (hkl). These values give k values that scatter about a constant value and are shown in Fig. 3 . Since no systematic increase or decrease is observed with (sin UX)2 the sum of the attenuation factors, i.e., M,+Ms , are in agreement with Debye and Krivoglaz theories. If this were not constant, this sum of thermal and static terms would have to be modified.
The normalized orientation function $0, +) in terms of 16th order coefficients are plotted in Fig. 4 . These show that the orientation function is peaked at 2.32 for (a,$$ =(55",45") and 1.51 for (90",0"), (90",90") and (O",O'-90°) relative to a surface plane at tl, = 1, for the random powder. The minimum value of W(&$), located at (45",0"), (45",90") and (90",45") , is 0.224 and is 4 to 5 times smaller than the value for a random sample. Cubic symmetry is seen about the +=45" axis. At KI=O, the fiber axis z coincides with the reciprocal axis, c *, making fi(fl, $) independent of I/L Therefore, the constant value of 1.51 at a=0 for all @ angles is to be expected.
Thus far, the data used to construct the orientation function can be obtained with a conventional diffractometer giving data at x=0. In order to obtain a more convincing check with experimental data, w-rocking curves (or x scans) were measured over a limited range. These are shown as points in Fig. 5 for (ill), (ZOO), and (220) pole densities. Having obtained a consistant set of coefficients describing the orientation function, one can generate any pole density function using Eq. (7b). Three are shown in Fig. 5 as dashed and as solid lines.
The true pole density plots were mathematically "smeared" with a correction due to the finite size of the "instrumental window." This window is determined from the size of the x-ray focal spot, the receiving slit, and the amount of sample oscillation. It is treated in detail in the Appendix. The modification produced by this instrumental correction may be seen by comparing the dashed and solid curves of Fig. 5 . The effect of the window correction is small in this example; however, it introduces an observable effect at x=0 for the (111) and (220). Pole figure smearing is expected to be larger for those diffractometers that are not of the focusing type when the texture is intermediate.
B. Discussion
Analytical procedures are presented that enable polycrystalline materials with a texture to be examined with the same detail as ideal powder samples. The added difficulty of doing a fundamental quantitative orientation analysis of the results offers the extra bonus of determining the fiber texture of the sample in addition to other parameters which are of interest by themselves. Thus far, the approach has been limited to cubic materials. When applied to a conventional parafocusing diffractometer, the approach remains simple if the texture does not show strong intensity variations with sample orientation; otherwise, a large number of independent Bragg peaks will be required for consistent results. Since many commerically available samples have textures that range from weak to intermediate, this is not a severe restriction on the approach.
Integrated intensity data for 17 diffraction peaks at x=0 provided the necessary input to determine the intermediate fiber texture for the extruded Cu-Be-Co alloy examined, as well as, the secondary parameters. The analysis is simplified with a tabulation of polynomial coefficients for a conventional symmetrically aligned diffractometer (x=0=0) or one with asymmetric alignment (x=o#O) produced by an independent rotation of the sample. If the sample does not inher-4462 ently contain a fiber texture, then spinning about its normal gives the average orientation function about this axis rather than the true orientation function which contains an additional angular dependence.
The overall approach requires that the intensity data be internally consistent with a single orientation function, the cubic symmetry of the sample, extinction influencing the strong low order peaks, and attenuation factors resulting from both thermal and static atomic displacements. Departures from theoretically generated intensities and reduced experimental intensities are due largely to statistical variations associated with the grain size.
The xiray optics with a conventional parafocusing diffractometer introduced only a small degree of smearing of the pole figure data because the texture is of intermediate sharpness. Some caution is advised, even with an intermediate texture, if data are collected using a conventional pole figure instrument with a point source, wide integrating slits, and no correction is made.
It was found that the displacement terms in a quenched 01-11.67 at % Be-O.23 at % Co alloy can be described at room temperature by thermal and static displacements of (,~~)~'~=0.085 A and (,~~)"~=0.027
A. The latter could result from clusters containing an average of 1.7 Be atoms. This is somewhat smaller than the cluster sizes determined by Koo et al." for an as quenched sample. However, their sample did not contain Co which reduces the rate at which clustering or aging takes place by about a factor of 5. For the as quenched sample, the static contribution is dominated by thermal displacements. In a later work, we show that much larger clusters are formed in the same alloy during low temperature aging. Measurements of primary extinction suggest that the as-quenched subgrain size is approximately 0.44 pm after annealing at 780 "C for 15 min. A similar sample annealed at 810 "C for 20 min resulted in a subgrain size of 0.66 prn12 which was also obtained from a primary extinction analysis. This is in agreement with the present determination if one considers the higher temperature and longer annealing time used in sample preparation for the latter determination. Also, when the latter sample was subsequently aged at 200 and 315 "C to form GP zones, this practically elliminated extinction effects as a result of the matrix deformation associated with aging.
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APPENDIX Instrumental window correction
In the analysis of texture, it is commonly assumed that the diffracted intensities are measured exactly at x. This is not true because the instrumental window of the diffractometer will always give a range of x angles in the vicinity of the central angle x0. Consequently, the measured pole density is an average value of g&x) in the range between some lower limit xl and an upper limit x2 SxWx> -gikkx). sin(xWx 8kl(XO) = x1
g& (x0) 
where Axh is the max of A.w, cr, (WJ2R) or (WJ2R) and Ax* is the max of p, (L,/2R) or (L,./2R) divided by sin 0.
Here R is the sample-to-receiver slit distance, L, is the length of focal spot, L, is the length of receiver slit, p is the axial divergence of the Soller slit, W, is the width of focal spot, W, is the width of receiver slit, 1y is the divergence allowed by the entrance slit, and tAw is the sample oscillation angle. Data were obtained by rotating w rather than tilting in x. In this asymmetric geometry (at a tilt angle o=ou), the above equations do not hold, since the diffractometer is not in the focusing condition. If Aw is %.I!, (WJ2R) and (W,./2R), the range of x can be approximated by xt=w,-Aw, (wu+Ae~)~+ ,;;irO +& , (A.@ /yo"Oo .
D, can be determined by Eq. (As).
The instrumental window factors D,, for O=ZAJI+~" about x0=0 are given in Table IV 
where Cb represents D,C i$ Equation (7b) is still valid with the instrumental window included provided that Cfj is used in place of Cii . After the coefficients A,, are fitted to the data with the window included, the true unsmeared pole density function can be obtained from JZq. (7b), i.e., without the inclusion of D, .
